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CHAPTER 1

INTRODUCTION

The Bidirectional Reflectance Distribution Function (BRDF) is of substantial
interest to the laser radar (LADAR) community in that it is a necessary factor in
determining LADAR signatures. It is often difficult to model BRDF theoretically and
empirical data must be used. Before collecting data on real-world samples can begin, a
suitable reference calibration standard must be selected and its reflectance characteristics
measured. An ideal reference standard for diffuse measurements should have Lambertian
scattering characteristics, that is, a scattering surface whose radiance does not change
with viewing angle. One such candidate is SPECTRALON®, a registered trademark of
Labsphere, Inc. SPECTRALON is a white, sintered polytetrafluoroethylene (PTFE)
material. Labsphere reports SPECTRALON to be 99% Lambertian at the 1.064 m
wavelength making it an excellent candidate for a diffuse calibration standard [1]. The
reported reflectance value, however, was measured using an incoherent source and an
integrating sphere [2]. When using a coherent source, such as a laser, it is possible to
have interference effects that could lead to error if not accounted for. Interference effects
are particularly noticeable in and around the retroreflective point, that is, the location
where an incident and reflected rays are parallel.
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As an example of how the BRDF is used in LADAR modeling, consider a target
being illuminated by a LADAR system. The differential LADAR cross section, dσ, is
given by

dσ = 4 π BRDF(θi , ∅i ; θr , ∅r ) Cos θinc Cos θrefl dA

(1-1)

where θinc and θrefl are the incident and reflected angles and A is the illumination spot
area [3]. All of these factors are assumed to be known for a given LADAR system and
atmospheric conditions. The BRDF, to be discussed more fully in later sections, is the
remaining term that must be supplied either by a mathematical model or measured data in
order for the system to be calibrated and its models to be compared with real-world
situations.

A. Purpose of the Study

Since a reference standard is required for empirical data, it is necessary to
evaluate the candidate material’s scattering characteristics and determine how ideally the
material behaves at the wavelength and polarization of interest. The purpose of this study
was to determine the BRDF characteristics of SPECTRALON using a coherent 1.064 m
wavelength source for four linear polarization combinations, with particular interest paid
to the retroreflective region. This was accomplished using a calibration method that did
not assume SPECTRALON’s Lambertian characteristics. The data from these
measurements was then used to determine the suitability of SPECTRALON as a
calibration standard and provide the building blocks for future reflectance measurements.
2

The BRDF measurements reported here do not include specular scattering or
incoherent characteristics.

B. Physical Basis

Since the illumination source for the measurements was coherent (a laser), there
are interference effects that must be taken into account in order for a calibration method
to be established. This includes laser speckle and coherent backscatter effects that can
lead to error if not properly measured and identified. It is hypothesized that
SPECTRALON will be an excellent candidate for a diffuse reference standard provided
that the interference effects are accounted for.

C. Introduction

This work presents the BRDF characteristics of SPECTRALON at 1.064 m with
four linear polarization combinations as well as evaluating its feasibility as a diffuse
reflectance reference standard. The procedures presented here will be used in future
BRDF measurements of diffuse materials such as polyurethane coated nylon (PCN), and
various painted surfaces.
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CHAPTER 2

BACKGROUND

BRDF was first introduced by Nicodemus in 1964 [4]. It is defined as the ratio of
radiance to irradiance with units of inverse steradians (sr-1)

BRDF(θinc , ∅inc ; θrefl , ∅refl ) =

dLrefl (θinc , ∅inc ; θrefl , ∅refl )
dEinc (θinc ,∅inc)

(2-1)

where θinc , ∅inc and θrefl , ∅refl are angles associated with incident and reflected rays. Lrefl
is the radiance (W/m2sr) and Einc is the irradiance (w/m2) as shown in Figure 2-1.
Additionally, a material’s BRDF characteristics are dependent on wavelength and
polarization but these are usually fixed for the duration of the measurement process.
BRDF is typically written as a ratio of differential quantities to include irradiance
contributions that could come from multiple angles, such as with an extended source or
other light sources besides the incident rays of interest [5]. However, measurements of
infinitesimal quantities cannot be made directly. It is, therefore, more convenient to
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Figure 2-1: BRDF geometry
consider the radiance, L, defined by the area of the detector and the distance from the
scattering surface and the irradiance defined by the illumination spot size [6]. The BRDF
can then be written

BRDF(θinc , ∅inc ; θrefl , ∅refl ) =

which can be further simplified as
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Lrefl (θrefl , ∅refl )
Einc (θrefl , ∅refl )

(2-1)

I⁄
As proj
L
I As
I
BRDF = =
=
=
sr -1
P
E
Pinc As Cos θrefl
Pinc Cos θrefl
inc⁄
As

(2-2)

where I is the intensity (w/sr), Pinc is the incident power (W), As is the illuminated surface
area (m2), As proj is the projected area of the illuminated surface, and refl is the angle of
reflection from the target (o) which will be discussed further in later sections.
This thesis research is constrained to the limited case of a collimated,
monochromatic source, having linear polarization incident on a diffuse surface.
Before discussing other effects, it is necessary to define the relevant angles as
applied to the target surface. These will be used throughout this report.

A. Angle Definitions

BRDF is dependent on the angles of incidence and reflection. The angle
definitions used here follow that of Papetti [7].
The incidence angle, inc, is the angle between the incident ray and the target
surface normal. The reflection angle, refl, is the angle between the target surface normal
and the reflected ray.
Figure 2-2 through 2-4 show the relevant angles. Reflected rays are positive if the
reflected ray is away from the incident beam and negative if the reflected ray is

6

Incident Ray
inc

bis > 0

refl > 0

Specular
Ray
inc = refl

Figure 2-2: Angle definitions for incident, reflected (refl > 0), and bistatic
(bis > 0) angles, as well as the specular ray definition

Incident Ray
bis > 0

inc

refl < 0

Figure 2-3: Angle definitions for incident, reflected (refl < 0), and bistatic
(bis > 0) angles
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bis < 0
Incident Ray

Figure 2-4: Angle definition for bistatic (bis< 0) angle
toward the incident ray. The case where inc = refl is the specular direction. The case
where inc = - refl is the retroreflective direction. The angle between the incident and
reflected ray is defined as the bistatic angle where bis = inc + refl and for the
retroreflective case bis = 0. Rays that are reflected in such a way that they do not cross
the target surface normal result in negative bistatic angles. Reflected rays that do cross
the target surface normal result in positive bistatic angles.

B. Laser Speckle

When a coherent source is reflected from a surface that is rough on the
wavelength scale a phenomenon known as laser speckle occurs. Speckle size is the
limiting case of coherent systems. Individual wavefronts from an illumination source
8

that reflect randomly from surface features will have random phase differences. These
wavefronts will interfere with each other causing a grainy bright and dark spot pattern.
Figure 2-5 shows a speckle pattern for 532 nm wavelength [8]. Since the phases are
random, and if the pattern is observed over a given area, it can be shown that the

Figure 2-5: Speckle using a 532 nm wavelength [8]
probability of observing a dark area is higher than that for a bright area [9]. It is,
therefore, desirable to have as many detectable bright spots focused onto a detector as
possible so that an average may be measured.
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There are two types of speckle: subjective and objective. Subjective speckle
depends on the imaging system used for observation. Often, a lens and a CCD camera
placed at the lens image plane are utilized to observe subjective speckle.
Objective speckle does not require an imaging system. The interference of
reflected waves is observable at any distance from the illuminated surface, unlike
subjective speckle that is only observed in the image plane. This can be verified using an
observation screen to view the speckle pattern while translating the screen toward or
away from the object. The scale of the pattern will change but not the pattern itself.
Rotating the surface causes the speckle pattern as a whole to rotate [10]. This will blur
the speckle pattern if the illuminated surface is rotated fast enough.
It is objective speckle that occurs in BRDF systems of the type used for the
present investigation and more detail will be provided in Chapter 3.

C. Coherent Backscatter Effect

When a diffuse scattering surface is illuminated using a coherent source, a
phenomenon known as coherent backscatter can occur. This effect appears at, and
closely around, the retroreflective point where the bistatic angle, or the angle between an
incident and scattered ray, is zero.
The situation is shown in Figure 2-6 A coherent planar wavefront is incident on
the target surface. The peaks and valleys of the surface are scattering surfaces that are
typically greater in size than the source wavelength. Rays from the incident wavefront
can scatter multiple times between these randomly distributed surfaces.
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A description of the two-beam interference problem is taken from Hecht [11].
Two rays reflected from the surface left-to-right, are given by

⃗⃗⃗⃗1 ∙ r − ωt + ε1 )
⃗⃗⃗⃗
E1 (r, t) = ⃗⃗⃗⃗⃗⃗
E01 Cos (k

(2-3)

⃗⃗⃗⃗2 ∙ r − ωt + ε2 )
⃗⃗⃗⃗
E2 (r, t) = ⃗⃗⃗⃗⃗⃗
E02 Cos (k

(2-4)

and

Peak Irradiance: ⃗⃗⃗⃗
E1 and ⃗⃗⃗⃗
E2 Rays Sum
when bis = 0

Incident
Wavefront
bi
s

Random
Scatterers

bi
s

Figure 2-6: Retroreflected rays will constructively interfere optimally
when bis = 0
where ⃗⃗⃗⃗
E1 and ⃗⃗⃗⃗
E2 are the field vectors for rays 1 and 2, respectively. The vectors ⃗⃗⃗⃗⃗⃗
E01 and
⃗⃗⃗⃗⃗⃗
E02 are the field amplitudes, ⃗⃗⃗⃗
k1 and ⃗⃗⃗⃗
k 2 are the wave vectors, and r is the position vector.
The angular frequency of the wave is ω, and ⃗⃗⃗
ε1 and ⃗⃗⃗
ε2 are the phases of each wave. It is
assumed that each wave originates from points that are separated by a distance greater

11

than a wavelength. It is further assumed that these rays are true rays with no transverse
extent.
The waves coexist in space and can interfere. For the cases of constructive or
destructive interference it is customary to use irradiance instead of the vector fields.
The irradiance at a point far from the reflecting surface is

2

2

⃗⃗⃗⃗1 ∙ ⃗⃗⃗⃗
⃗⃗⃗⃗1 〉 + 〈E
⃗⃗⃗⃗2 〉 + 2 〈⃗⃗⃗⃗⃗
I = ⟨E
E2 ⟩ = 〈E
E1 ∙ ⃗⃗⃗⃗
E2 〉

(2-5)

where the brackets denote time averages. After time averaging, the interference term,
〈⃗⃗⃗⃗⃗
E1 ∙ ⃗⃗⃗⃗
E2 〉, becomes

I12 = ⃗⃗⃗⃗⃗⃗⃗
E01 ∙ ⃗⃗⃗⃗⃗⃗
E02 Cos δ

(2-6)

where δ is the phase difference, 𝜀2 − 𝜀1 . For the case where ⃗⃗⃗⃗⃗⃗
E01 and ⃗⃗⃗⃗⃗⃗
E02 are parallel, I12
reduces to

I12 = E01 E02 Cosδ = 2 √I1 I2 Cos δ

(2-7)

and the total irradiance is then

I = I1 + I2 + 2 √I1 I2 Cos δ
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(2-8)

If it is assumed that ⃗⃗⃗⃗⃗⃗
E01 and ⃗⃗⃗⃗⃗⃗
E02 are equal then I1 = I2 and the above expression
becomes

I = 2 I1 + 2 I1 Cos δ

(2-9)

For complete constructive interference there is no path or phase difference between the
two waves and δ = 0 so

I = Imax = 4 I1

(2-10)

which represents the peak irradiance in the interference (fringe) pattern. For complete
destructive interference there is a 90o phase difference between the two waves and
Cos δ = 0 and

I = Imin = 2 I1

(2-11)

which represents the minimum irradiance in the interference (fringe) pattern. Referring
again to Figure 2-6, rays that reflect parallel to incident rays (bis = 0) are the
retroreflected rays and these will interfere. Since the paths are (almost or exactly) equal,
there is little or no path difference and therefore little or no phase difference between
them, such that the peak irradiance is enhanced due to complete constructive interference.
For the area outside the retroreflective region, bis ≠ 0, a path difference exists and
reflected rays will partially interfere, with irradiance values ranging from a maximum of
13

4 I1 to a minimum of 2 I1 . Giving the ratio of Imax /Imin = 2. An additional measure of
maximum to minimum intensities is known as the fringe visibility, given by [12]

V=

Imax − Imin
Imax + Imin

(2-12)

The angular width of the coherent backscatter peak has been shown to be

θ = θbis =

λ
√2 s L

(2-13)

where  is the illumination wavelength, s is the total scattering path length, and L is the
mean-free-path length. The mean-free-path length is defined as the average distance
between scattering surfaces along the total scattering path [13]. A maximum angular
width can be estimated by noting that the smallest possible total path length is equal to
the distance between two scattering surfaces, or s = L. The maximum angular width is
then given by

θbis max =

1 λ
√2 L

(2-14)

A minimum angular width can be estimated by noting that the penetration depth reported
by Labsphere for SPECTRALON is about 1 mm [2]. The penetration depth is the
maximum distance a ray will penetrate (or travel) into the bulk of the Spectralon material
before becoming completely attenuated. This can also be the total scattered distance a ray
will travel into the material.
14

In order to observe this enhanced peak, it is necessary to use a beamsplitter to
decouple the incident and reflected rays. The situation is shown in Figure 2-7. The
bistatic angle, bis, can never be exactly zero since the detector and source would
physically overlap. Goniometer based measurements of BRDF typically do not include
the retroreflective region and accurate modeling of LADAR cross-sections depend on
accurate and complete BRDF measurements. A large enough beamsplitter can
accommodate large enough bistatic angles (before vignetting occurs) to accurately record
the enhanced, retroreflective peak. A system capable of making such measurements is
discussed in Chapter 3.

Detector

 Source

Specular Ray

bis

Retroreflected Ray

Figure 2-7: A goniometer-style system can never measure the irradiance at the
retroreflective point (bis = 0) due to the physical impossibility of the
detector and source overlapping
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CHAPTER 3

MEASUREMENT SYSTEM

The measurement system shown in Figure 3-1 is located at the US Army’s
Advanced Measurements Optical Range (A.M.O.R.) on Redstone Arsenal in Huntsville,
Alabama. It is capable of BRDF measurements of diffuse samples at 1064 nm.
Measurements of BRDF can be made from 0o to 80o for materials with diffuse
scattering properties. A large, 6-inch, 50% beamsplitter and 5-inch achromat permit
bistatic angle BRDF measurements up to ± 6.5o before vignetting (although the linear
translation stage could only accommodate ± 3o) with an angle resolution of 0.093o (1.6
mrad). Measurements of BRDF can be made from 0o to 80o for materials with diffuse
scattering properties. A large, 6-inch, 50% beamsplitter and 5-inch achromat permit
bistatic angle BRDF measurements up to ± 6.5o before vignetting (although the
linear translation stage could only accommodate ± 3o) with an angle resolution of 0.093o
(1.6 mrad). The small active area (0.5 mm) of the InGaAs detector permits the
retroreflective peak to be resolved in 0.02o increments.
Minimum observable BRDF values are estimated at 0.005 sr-1 for parallel
polarization and 0.005 sr-1 for cross polarizations. These values were arrived at by
observation of the lock-in amplifier while using an additional Plexiglas beam dump as a
target. Parallel polarization is defined as the orientation of the electric filed component
with respect to the plane of incidence. The plane of incidence contains both the incident
and reflected rays. Therefore, horizontally polarized light is oriented along a plane
16

parallel to the laboratory table (the plane of incidence). Vertical polarization is
orthogonal to the plane of incidence.

Detector
Signal
Labmaster Ultima Stanford Research SR850
Power Meter
Lock-In Amplifier

InGAs
Detector
Linear
Polarizer

Laser
Power
Detector

Chopper
Signal

Retroreflective
Component of
Scattered Rays

5 Inch Doublet

l/2
Retarder

6 Inch
Beamsplitter

Chopper
Horizontally 10% Blade Linear Cube
4:1
Polarized Sampler
Polarizer Collimator
1.064 nm
Black Plexiglas
Laser
Beam Dump

Spinning
Target
Sample

Figure 3-1: BRDF measurement system used for this report

A. Laser Source

A CrystaLaser CL1064-50-S, 50 mW, 1.064 nm laser operating in continuous
wave (CW) mode was used as the coherent illumination source. The laser’s output had a
100:1 polarization ratio and was horizontally polarized with respect to its mounting
flange. For this measurement system, the laser was mounted such that the output
polarization was horizontally oriented with respect to the lab table.
17

The optical axis was established using a flat mirror at the end of the optical bench
and a fixed iris. The mirror reflected the laser output back into the laser’s cavity to
produce a cavity spoiling effect while the iris was translated back and forth along the
optical rail to ensure the beam was not deviating horizontally or vertically. A camera was
used to view the laser’s output until the laser began to blink rapidly, indicating that cavity
spoiling was occurring. This was an indication that the beam was truly retroreflected
along the systems rail.

B. Beam Sampling

A Thorlabs BSF10-A beamsplitter was used to sample the laser output. The
beamsplitter provided a 10% reflectance for vertically incident polarization.
A Labmaster Ultima optical power meter with LM2-VIS detector head was used
to monitor the output power of the sampled beam. The output power was used to correct
for power fluctuations in the final BRDF calculation.

C. Chopper

A chopper (50:50 blade) and lock-in amplifier (discussed in a later section)
combination was used to modulate the laser source and ultimately measure the receiver
detector photocurrent. This technique eliminated any possible noise from room lights, 60
Hz AC electrical noise, or other signals not at the chopping frequency.
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D. Polarizer

A two inch, BK7, cube polarizer from CVI Laser Manufacturing was then used to
eliminate any remaining vertical (S) polarization component with a rated 1000:1
extinction ratio. The polarizer had a 1.064 m antireflection coating along the
hypotenuse for enhanced throughput.

E. Wave Plate

A half-wave plate retarder was then used to rotate the polarization for control of
the incident beam. The system was configured to measure incident and reflected parallel
and crossed polarization combinations. The orientation for P (horizontal) polarization
was the plane of incidence, or the plane of the laboratory table. S (vertical) polarization
was then the plane orthogonal to the plane of incidence. Therefore, PP polarization
measurements were made with the half wave plate passing horizontal polarization and the
detector receiver polarizer passing horizontal polarization. SS polarization measurements
were made with the half wave plate passing vertical polarization and the receiver
polarizer passing vertical polarization. PS measurements were made with the half wave
plate passing horizontal polarization and the receiver polarizer passing vertical
polarization. SP measurements were made with the half wave plate passing vertical
polarization and the receiver polarizer passing horizontal polarization. Only linear
polarization combinations were considered for this work.
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F. Collimator and Beam Expander

The beam was then expanded into a 5 mm collimated beam using -50 mm and
200 mm lenses (Keplerian arrangement). The 5 mm diameter (at 1/e2 points) was chosen
to allow many scattering points to be within the illumination spot size.
Although the calculation of BRDF used by this system did not depend on
illumination spot size, the 5mm diameter was chosen to be small enough that there was
no vignetting of the reflected rays through the remaining portions of the system.
The 5mm diameter was verified using a Coherent, Inc. LaserCam-HR-InGaAs (or
similar) camera capable of measuring the beam cross section at the 1/e2 points.

G. Beamsplitter

The beam then passed through a custom 6-inch, non-polarizing 50:50 (at 45o),
fused silica beamsplitter. The splitter used a 1.064 m antireflective coating on the
incident side. The large size of the beamsplitter allowed BRDF measurements to be
made with up to ± 6.5o bistatic angles before vignetting occurred, although the detector
translation stage could only scan from ± 3.5o both in and out-of-plane.

H. Beam Dump

20

Despite the antireflective coating on the back surface, there was still a measurable
amount of light reflected from the beamsplitter. These reflected rays were directed into a
cast black Plexiglas (as opposed to extruded black Plexiglas) beam dump as shown in
Figure 3-1. The beam dump was designed to allow multiple reflections of the beam
between two parallel surfaces until the beam fell below noise levels. Using a 300 ms
time constant on the lock-in amplifier, the noise levels for this system were estimated at
0.0002 sr-1 for parallel polarization combinations and 0.0010 sr-1 for crossed polarizations
at the 1.064 m wavelength.

I. Target Sample

For a measurement, the suitably polarized transmitted beam was then incident on
the target material. As previously noted, the material for these measurements was
SPECTRALON. SPECTRALON is a white, machinable resin manufactured by
Labsphere. Labsphere reports SPECTRALON’s total hemispherical reflectance to be 99
% at the 1.064 m wavelength, using an incoherent source [1]. Dividing the total
hemispherical reflectance by  steradians (sr) will give an equivalent BRDF value.
Using a motor drive, the target was spun about the motor axis for two reasons:
first, to avoid heating of the material that would occur if the target was not rotated and the
incident beam was left in a fixed location for an extended period, and second, to average
the speckle pattern intensity from the illumination spot. Speckle will be discussed further
in the Lens Doublet section below. The sample material was spun to illuminate an
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annular region of the material’s surface as shown in Figure 3-2. The irradiance on the
detector thus became the average reflected radiance from the annular region.

Target Spin

Annular Ring

Incidence Angle
inc

Figure 3-2: Target was spun about the motor axis to average an annular region of the
surface
The spin rate of the sample was such that it would average over the surface, that is, a rate
faster than the lock-in amplifier’s time constant.
The BRDF system can currently accommodate sample targets sizes up to 5 inches
in diameter (or square).
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J. Lens Doublet

After reflection from the target material, the beamsplitter decoupled the incident
and reflected rays that were subsequently collected by a 5-inch, 308 mm focal length lens
doublet. It was the use of this lens that differentiated objective and subjective speckle.
By placing the detector in the focal plane of the lens, rather than the image plane, the
system became non-imaging. The lens allowed the detector position to correspond to the
angle of the reflected rays from the target material. All parallel rays leaving the target
surface at the same angle arrive in the collection lens focal plane at the same point. A
simple ray trace is shown in Figure 3-3. The bistatic angle and incidence angle are
related by

θbis = f Tan θinc

(3-1)

where f is the lens focal length.
As mentioned previously, it was desirable to have as many bright speckles on the
detector as possible for averaging purposes. The minimum diameter of individual
speckles can be shown to be

∆𝑥 = 𝜆
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𝑧
𝐷

(3-2)

where ∆𝑥 is the speckle width, 𝜆 is the wavelength, and 𝑧 is the distance from the
illumination spot to the collection lens. 𝐷 is the diameter of the illumination spot [14].
The averaging process is further improved if the surface area being illuminated is in
motion, such as with a spinning surface.

Illuminated Object Placed in
Front Focal Plane

Achromat

Back Focal Plane

bis

inc

Figure 3-3: Collection lens ray trace
K. Analyzer Polarizer

A Newport one-inch Polarcor borosilicate linear polarizer was then used as an
analyzer to control the polarization of the reflected rays that were incident on the
detector.

24

L. InGaAs Detector

A Hamamatsu square-law, InGaAs, PIN photodiode detector was used for
1.064 m measurements. It was reverse biased and the photocurrent was measured using
a lock-in amplifier. The lock-in amplifier also provided the transimpedance amplifier
circuit for the detector. The lock-in was used with the chopper to modulate the laser
source at 270 Hz. This allowed signals that were not modulated at 270 Hz, such as room
lights and 60 Hz AC noise, to be filtered out of the photocurrent signal. Since the
magnitude of the reflected rays were the rays of interest, the phase term was minimized
on the lock-in amplifier.
The 500mm diameter round detector was windowless and mounted in a transistor
style housing. It was estimated that the detector area could accommodate 60-70 bright
speckles for averaging at a given target sample orientation. As mentioned, the target was
spun to further facilitate averaging over the surface. The detector size was also small
enough to resolve the retroreflective BRDF peak exhibited by many materials, including
SPECTRALON. The retroreflective BRDF peak was measured in 0.02o increments.
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CHAPTER 4

CALIBRATION AND SAMPLE MEASUREMENT PROCESS

There were four measurement arrangements used to characterize a reference
sample: retroreflective, bistatic, and in-plane and out-of-plane bistatic BRDF. Each of
these measurement processes required the detector to be translated while the target
remained stationary or the target to be translated while the detector remained stationary.
The following sections describe the system calibration and each measurement procedure.

A. Calibration

For purposes of system calibration, SPECTRALON was chosen as a reference
standard. The process was twofold: First, SPECTRALON was independently measured
using a system different from the BRDF system shown in Figure 3-1 that was used for the
present sample measurements. This was accomplished with the arrangement shown in
Figure 4-1. A large area InGaAs detector and lock-in amplifier were used to measure
incident detector current in order to calculate irradiance.
A neutral density filter was used in the irradiance measurement to avoid saturating
the detector and to stay within the lock-in amplifier’s dynamic range. The detector and
lock-in amplifier combination was then used to measure the detector current for the
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reflected light in order to calculate radiance. The detector was placed at a 3o bistatic
angle, since the BRDF in that region was nearly flat and far enough away from the
retroreflective peak discussed earlier. Because the region was (nearly) flat, the bistatic
angle resolution could be much less than that of BRDF measurements made by the
primary BRDF system shown in Figure 3-1. This allowed a larger diameter detector to
be used, which collected more light. The BRDF value obtained from this measurement
was used as a calibration factor for the primary sample measurement system. Note that

Detector/Analyzer
Position for Reflected Ray
Measurement
Laser Source
Lock-In Amplifier
Polarizer and
Collimator From
Figure 5
ND Filter Position
for Incident Ray
Measurement

bis

Detector/Analyzer
Position for Incident
Ray Measurement

Figure 4-1: Arrangement for calibration measurements
using the lock-in and detector combination in this manner eliminates the need for known
detector responsivities since they divide out in the final BRDF calculation.
For this configuration, the BRDF equation can be written in terms of the incident
and reflected (scattered) detector currents, iscatter and iinc, the detector area, Adet, the
distance, d, from the reference target, and the transmission of the ND filter, TND
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BRDFref

L
J
iscatter d2
= =
=
E
Pinc Cos θinc
Adet TND iinc Cos (θrefl )

(4-1)

This was the BRDF value used with the beamsplitter configuration measurements as a
calibration reference.
Note that this configuration does not assume an ideal scattering, or Lambertian,
reference material. Results depends only on measured geometric quantities, detector
photocurrents, and the premeasured transmission of the ND filter. The transmission of
the polarizer analyzer was not needed since the analyzer was used in both incident and
reflected measurements and divides out in the final calculations.
The next step in the calibration process involved creating a ratio of known BRDF
and measured BRDF values. Using the BRDF equation from Chapter 2 the ratio was

BRDFsam
P
= sam
BRDFref

Pref

Isam
Cos θsam refl
Iref
Cos θref refl

(4-2)

and, after simplification and solving the equation for BRDFsam, becomes

BRDFsam = BRDFref

isam Pref Cos θref refl
iref Psam Cos θsam refl

(4-3)

where BRDFref was the BRDF value calculated using the configuration in Figure 4-1.
The isam, Psam, and sam refl terms are the detector current, incident power, and angle of the
reflected ray from the sample to be measured. The iref, Pref, and ref refl are the detector
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current, incident power, and angle of the reflected ray from the reference material.
Reference material values were measured by placing the reference sample
(SPECTRALON) in the system shown in Figure 3-1 at normal incidence and placing the
detector at a 3o bistatic angle, where sam refl = bis.
The ratio of sample and reference radiant intensity, Isam to Iref, was replaced with
the ratio of sample and reference detector currents, isam to iref. This was a valid
substitution as long as the light collection solid angles did not change between reference
and sample measurements.
Having found all reference values, the calibration stage was complete. The final
stage in the measurement process was to mount the sample (in this case SPECTRALON)
in the Figure 3-1 system configuration and collect values for the detector current,
incident power, and incident angle according to the processes described in the following
sections.

B. Retroreflective Measurements

Retroreflective measurements were acquired by first placing the detector at the
retroreflective point, that is, at the point where the laser’s incident and reflected rays
overlapped. The system configuration is shown in Figure 4-2. The detector remained at
that position for the duration of the measurement process. The wave plate controlling
incident polarization was set to P (horizontal) orientation. The target was then rotated to
the next incidence angle. The process was repeated until the incidence angle reached 80o.
The set of Retroreflective BRDF measurements is summarized in Table 4-1.
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.

Detector Remains at the
Retroreflective (Backscattered)
Point for the Duration of the
Measurement Process

From
Collimator / Expander

inc

Target Rotates From
0
Incidence Angle inc= 0 to
0

inc= 80 During
Measurement

Figure 4-2: Retroreflective measurements

Table 4-1: Retroreflective BRDF measurement set

Measurement

Polarization

Bistatic Angle

Incidence
Angle

Retroreflective BRDF

PP

0o

0o to 80o

In-Plane Bistatic Scan

PS

0o

0o to 80o

In-Plane Bistatic Scan

SS

0o

0o to 80o

In-Plane Bistatic Scan

SP

0o

0o to 80o
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C. Bistatic

Bistatic measurements were made by placing the detector at a 3o bistatic angle. The
system configuration is shown in Figure 4-3. The wave plate controlling incident

Detector Remains at The
0
Bistatic Angle bis = + 3
For Duration of The
Measurement

bis = + 3

0

Target Rotates From
0
Incidence Angle inc = 0 to
0

inc = 80 During
Measurement

inc

From
Collimator / Expander

Figure 4-3: Bistatic measurements
polarization was set to P (horizontal) orientation. The receiver polarizer was oriented for
P polarization. An automated data acquisition system recorded the incident angle
(beginning with 0o) and lock-in amplifier photocurrent. The target was then rotated to the
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next incident angle. The process was repeated until the incidence angle reached 80o. The
entire set of Bistatic BRDF measurements made is summarized in Table 4-2.

Table 4-2: Bistatic BRDF measurement set

Measurement

Polarization

Bistatic Angle

Incidence Angle

Bistatic BRDF

PP

3o

0o to 80o

Bistatic BRDF

PS

3o

0o to 80o

Bistatic BRDF

SS

3o

0o to 80o

Bistatic BRDF

SP

3o

0o to 80o

The target was returned to 0o incidence and the process is repeated for each remaining
polarization combination: PS, SS, and SP. The data was then plotted as BRDF (sr -1) vs
Incidence Angle (o) for each polarization combination.

D. In-Plane Bistatic

In-plane bistatic scan measurements were acquired by first placing the detector at a
horizontal -3.5o bistatic angle. The system configuration is shown in Figure 4-4. The
target sample was then set at 0o incidence angle for the duration of the measurement
process. The wave plate controlling incident polarization was set to P (horizontal)
orientation.
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Detector Translation
0

bis = + 3

0

bis = 0

0

bis = - 3

Target Remains at
Fixed Incidence
Angle, inc, Throughout
Measurement

From
Collimator / Expander
inc

Figure 4-4: In-plane bistatic scan measurements
In the final BRDF equation, the reflected angle was given by Cos refl = Cos (bis - inc).
The entire set of in-plane bistatic scan measurements made is summarized in Table 4-3.

Table 4-3: In-plane bistatic scan measurement set

Measurement

Polarization

Bistatic Angle

Incidence Angle

In-Plane Bistatic Scan

PP

-3o to +3o

0o

In-Plane Bistatic Scan

PP

-3o to +3o

5o

In-Plane Bistatic Scan

PP

-3o to +3o

45o

In-Plane Bistatic Scan

PP

-3o to +3o

70o

In-Plane Bistatic Scan

PS

-3o to +3o

0o

In-Plane Bistatic Scan

PS

-3o to +3o

5o
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In-Plane Bistatic Scan

PS

-3o to +3o

45o

In-Plane Bistatic Scan

PS

-3o to +3o

70o

In-Plane Bistatic Scan

SS

-3o to +3o

0o

In-Plane Bistatic Scan

SS

-3o to +3o

5o

In-Plane Bistatic Scan

SS

-3o to +3o

45o

In-Plane Bistatic Scan

SS

-3o to +3o

70o

In-Plane Bistatic Scan

SP

-3o to +3o

0o

In-Plane Bistatic Scan

SP

-3o to +3o

5o

In-Plane Bistatic Scan

SP

-3o to +3o

45o

In-Plane Bistatic Scan

SP

-3o to +3o

70o

E. Out-of-Plane Bistatic

Out-of-plane bistatic scan measurements were acquired by first placing the
detector at a vertical -3o bistatic angle. The system configuration is shown in Figure 4-5.
The target sample was then set at 0o incidence angle for the duration of the measurement
process. The wave plate controlling incident polarization was set to P (horizontal)
orientation. The receiver polarizer was oriented for P polarization. BRDF
measurements were then acquired while translating the detector vertically from a -3o
bistatic angle through the retroreflective point (0o) to 3o bistatic angle.
In the final BRDF equation, the reflected angle was given by Cos refl = Cos (bis - inc).
The entire set of out-of-plane bistatic scan measurements is summarized in Table 4-4.
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Detector Translation
0

bis = + 3

From
Collimator / Expander

0

bis = 0

0

bis = - 3

inc
Target Remains at Fixed Incidence
Angle, inc, Throughout Measurement

Figure 4-5: Out-of-plane bistatic scan measurements

Table 4-4: Out-of-plane bistatic scan measurement set

Measurement

Polarization

Bistatic Angle

Incidence Angle

Out-of-Plane Bistatic Scan

PP

-3o to +3o

0o

Out-of-Plane Bistatic Scan

PP

-3o to +3o

5o

Out-of-Plane Bistatic Scan

PP

-3o to +3o

45o

Out-of-Plane Bistatic Scan

PP

-3o to +3o

70o

Out-of-Plane Bistatic Scan

PS

-3o to +3o

0o
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Out-of-Plane Bistatic Scan

PS

-3o to +3o

5o

Out-of-Plane Bistatic Scan

PS

-3o to +3o

45o

Out-of-Plane Bistatic Scan

PS

-3o to +3o

70o

Out-of-Plane Bistatic Scan

SS

-3o to +3o

0o

Out-of-Plane Bistatic Scan

SS

-3o to +3o

5o

Out-of-Plane Bistatic Scan

SS

-3o to +3o

45o

Out-of-Plane Bistatic Scan

SS

-3o to +3o

70o

Out-of-Plane Bistatic Scan

SP

-3o to +3o

0o

Out-of-Plane Bistatic Scan

SP

-3o to +3o

5o

Out-of-Plane Bistatic Scan

SP

-3o to +3o

45o

Out-of-Plane Bistatic Scan

SP

-3o to +3o

70o
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CHAPTER 5

RESULTS

BRDF measurements of SPECTRALON at 1.064 m are now presented. First,
the results of a surface profile measurement of SPECTRALON are given for verification
that SPECTRALON’s surface scattering features are larger than the 1.064 m source
wavelength. Next, in-plane and out-of-plane BRDF plots are shown. Plots of
Retroreflective and Bistatic BRDF are shown last. Relevant data is summarized in table
form at the end of the chapter.
All BRDF values are estimated to be ± 0.005 sr -1.

A. Surface Profile Measurement

A Taylor-Hobson Form Talysurf - PC surface profilometer was used to measure
the surface roughness of the SPECTRALON sample using a 2 m stylus over a 5 mm
length. 5 mm was chosen to match the width of the illumination spot used in the BRDF
measurements.
The most common measure of surface roughness is the arithmetic average height
parameter, usually designated, Ra, and is defined as the average absolute deviation of the
roughness irregularities from the mean line over one sampling length [15]. Ra was
calculated using
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1 L
Ra = ∫ |y(x)| dx
L 0

(5-1)

or

n

1
Ra = ∑|yi |
n

(5-2)

i=1

where L is the sample length and y(x) is the height above or below the mean line, yi is the
height above or below the mean line of the ith peak, and n is the number of intersections
with the mean line. The results are shown in Figure 5-1. Since a 2 m stylus was used
for these measurements, all surface features seen in the plot are greater than the 1.064 m
illumination wavelength. This measurement was simply for verification that there were
many scattering surfaces in the 5 mm diameter illumination spot.
Another figure of interest was the average distance between adjacent peaks along
the mean line, S. This was calculated using

𝑁

1
𝑆=
∑ 𝑆𝑖
N

(5-2)

𝑖=1

where N is the number of peaks along the mean line and Si is the distance between
adjacent peaks. S was used to provide an estimate of the average distance between
scattering surfaces, or the mean-free-path length (L), in Equation 2-14. The calculated
value was found to be S = L =103.5 ± 5 m.
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Talysurf Profilometer Measurements of SPECTRALON
2 mm Stylus
0.03

Surface Height (mm)

0.02
0.01
0.00
-0.01
-0.02
-0.03
0.0

1.0
2.0
3.0
4.0
Distance Across SPECTRALON Surface (mm)

5.0

Figure 5-1: Surface roughness profile

B. In-Plane Bistatic and Out-of-Plane Bistatic Scans

Plots of BRDF vs bistatic angle for the PP (parallel incident and reflected) and SS
(vertical incident and reflected) polarization combinations are shown in Figure 5-2 and 53 for four incident angles: 0o, 5o, 45o, and 70o. The enhanced, retroreflective peak can be
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seen in each parallel polarization case and the full-width half-max values are summarized
in Table 5-1 for each curve.
For the degenerate (0o bistatic, normal incidence) case, there is little difference in
the peak SS and PP values (3.4%), as expected.
As incidence angle increases, there is a decrease in peak amplitudes in the PP 45o
and 70o cases consistent with a slight dip in the BRDF seen in the Retroreflective BRDF
plots. This could be due to a known depolarizing property of SPECTRALON at large
incidence angles.
The retroreflective peak also broadens with inreasing incidence angle as seen in
the in 45o and 70o parallel (PP and SS) polarization cases. Broadening of the enhanced
peak is predicted from Equation 2-14 and occurs for a decrease in total scattering path
length. Maximum broadening occurs when the total scattering path length is equal to the
mean-free-path length. The increase in incidence angle could be causing the total
scattering path to decrease. In that case, the broadening would not be seen in the out-ofplane scans since scattering out-of-plane would not change with incidence angle. Figure
5-3 and 5-5 show the out-of-plane, parallel polarization cases. A broadening of each
peak with large incidence angles was not seen.
The in-plane and out-of-plane cross polarization cases are shown in Figure 5-6
through 5-9. Cross polarization fields will not interfere so there is no retroreflective peak
seen for each case.
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C. Retroreflective Scans

Retroreflective measurements are shown in Figure 5-10. Recall that these
measurements of BRDF vs incidence angle were made with the detector fixed at the
retroreflective (0o bistatic) point while the target sample was rotated through incidence
angles from 0 to 80o.
The parallel (PP and SS) cases are nearly equal for the 0o incidence angle
degenerate case. As incidence angle increases through grazing angles there is a
depolarizing effect consistent with what others have reported [16]. Vertical polarization
(S) is absorbed preferentially leading to the observed split in PP and SS curves.

D. Bistatic Scans

Bistatic BRDF measurements are shown in Figure 5-11. The primary purpose of
the Bistatic scans was to highlight how the retroreflective peak can carry through a full
range of incidence angles, from normal to grazing incidences, causing the BRDF to be
higher than when the detector was moved to an off peak location (3o bistatic angle) and
the BRDF measured over the same range of incidence angles.
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SPECTRALON
In-Plane Bistatic Scan BRDF
PP Polarization, 1.064 mm
0.350

BRDF (sr -1)

0.300
0.250
0.200
0.150
0.100
0.050
0.000
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Bistatic Angle (o)

PP BRDF vs Bistatic Angle at 0 Degree Incidence

PP BRDF vs Bistatic Angle at 5 Degree Incidence
PP BRDF vs Bistatic Angle at 45 Degree Incidence
PP BRDF vs Bistatic Angle at 70 Degree Incidence

Figure 5-2: In-plane bistatic scan measurements, PP polarization case. All BRDF
values are ± 0.005 sr -1

42

SPECTRALON
In-Plane Bistatic Scan BRDF
SS Polarization, 1.064 mm
0.350

BRDF (sr -1)

0.300
0.250
0.200
0.150
0.100
0.050
0.000
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Bistatic Angle (o)

SS BRDF vs Bistatic Angle at 0 Degree Incidence
SS BRDF vs Bistatic Angle at 5 Degree Incidence
SS BRDF vs Bistatic Angle at 45 Degree Incidence
SS BRDF vs Bistatic Angle at 70 Degree Incidence

Figure 5-3: In-plane bistatic scan measurements, SS polarization case. All BRDF
values are ± 0.005 sr -1
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SPECTRALON
Out-of-Plane Bistatic Scan BRDF
PP Polarization, 1.064 mm
0.350
0.300

BRDF (sr -1)

0.250
0.200
0.150

0.100
0.050
0.000
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Bistatic Angle (o)

PP BRDF vs Bistatic Angle at 0 Degree Incidence
PP BRDF vs Bistatic Angle at 5 Degree Incidence

PP BRDF vs Bistatic Angle at 45 Degree Incidence
PP BRDF vs Bistatic Angle at 70 Degree Incidence

Figure 5-4: Out-of-plane bistatic scan measurements, PP polarization case. All BRDF
values are ± 0.005 sr -1
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SPECTRALON
Out-of-Plane Bistatic Scan BRDF
SS Polarization, 1.064 mm
0.350
0.300

BRDF (sr -1)

0.250
0.200
0.150
0.100
0.050
0.000
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Bistatic Angle (o)

SS BRDF vs Bistatic Angle at 0 Degree Incidence
SS BRDF vs Bistatic Angle at 5 Degree Incidence
SS BRDF vs Bistatic Angle at 45 Degree Incidence
SS BRDF vs Bistatic Angle at 70 Degree Incidence

Figure 5-5: Out-of-plane bistatic scan measurements, SS polarization case. All BRDF
values are ± 0.005 sr -1
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SPECTRALON
In-Plane Bistatic Scan BRDF
PS Polarization, 1.064 mm
0.350
0.300

BRDF (sr -1)

0.250
0.200
0.150
0.100
0.050
0.000
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Bistatic Angle (o)

PS BRDF vs Bistatic Angle at 0 Degree Incidence
PS BRDF vs Bistatic Angle at 5 Degree Incidence
PS BRDF vs Bistatic Angle at 45 Degree Incidence
PS BRDF vs Bistatic Angle at 70 Degree Incidence

Figure 5-6: In-plane bistatic scan measurements, PS polarization case. All BRDF
values are ± 0.005 sr -1

46

SPECTRALON
In-Plane Bistatic Scan BRDF
SP Polarization, 1.064 mm
0.350
0.300

BRDF (sr -1)

0.250
0.200
0.150
0.100
0.050
0.000
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Bistatic Angle (o)

SP BRDF vs Bistatic Angle at 0 Degree Incidence
SP BRDF vs Bistatic Angle at 5 Degree Incidence
SP BRDF vs Bistatic Angle at 45 Degree Incidence
SP BRDF vs Bistatic Angle at 70 Degree Incidence

Figure 5-7: In-plane bistatic scan measurements, SP polarization case. All BRDF
values are ± 0.005 sr -1
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SPECTRALON
Out-of-Plane Bistatic Scan BRDF
PS Polarization, 1.064 mm
0.350
0.300

BRDF (sr -1)

0.250
0.200
0.150
0.100
0.050
0.000
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Bistatic Angle (o)

PS BRDF vs Bistatic Angle at 0 Degree Incidence
PS BRDF vs Bistatic Angle at 5 Degree Incidence
PS BRDF vs Bistatic Angle at 45 Degree Incidence
PS BRDF vs Bistatic Angle at 70 Degree Incidence

Figure 5-8: Out-of-plane bistatic scan measurements, PS polarization case. All BRDF
values are ± 0.005 sr -1
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SPECTRALON
Out-of-Plane Bistatic Scan BRDF
SP Polarization, 1.064 mm
0.350

BRDF (sr -1)

0.300
0.250
0.200
0.150
0.100
0.050
0.000
-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Bistatic Angle (o)

SP BRDF vs Bistatic Angle at 0 Degree Incidence

SP BRDF vs Bistatic Angle at 5 Degree Incidence
SP BRDF vs Bistatic Angle at 45 Degree Incidence
SP BRDF vs Bistatic Angle at 70 Degree Incidence

Figure 5-9: Out-of-plane bistatic scan measurements, SP polarization case. All BRDF
values are ± 0.005 sr -1
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Table 5-1: Summary of in-plane and out-of-plane retroreflective peak characteristics

Measurement

Pol
State

Inc
Angle
(o)

Peak BRDF
(± 0.005 sr -1)

Retroreflective
Peak FWHM
(± 0.047o)

In-Plane Bistatic Scan

PP

0

0.322

0.359

In-Plane Bistatic Scan

PP

5

0.326

0.318

In-Plane Bistatic Scan

PP

45

0.300

0.475

In-Plane Bistatic Scan

PP

70

0.297

1.12

In-Plane Bistatic Scan

SS

0

0.334

0.312

In-Plane Bistatic Scan

SS

5

0.331

0.298

In-Plane Bistatic Scan

SS

45

0.293

0.483

In-Plane Bistatic Scan

SS

70

0.273

1.23

Out-of-Plane Bistatic Scan

PP

0

0.327

0.290

Out-of-Plane Bistatic Scan

PP

5

0.330

0.308

Out-of-Plane Bistatic Scan

PP

45

0.315

0.390

Out-of-Plane Bistatic Scan

PP

70

0.315

0.406

Out-of-Plane Bistatic Scan

SS

0

0.335

0.321

Out-of-Plane Bistatic Scan

SS

5

0.335

0.378
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Figure 5-10: Retroreflective BRDF. All BRDF values are ± 0.005 sr -1
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Figure 5-11: Bistatic scan measurements. All BRDF values are ± 0.005 sr -1

52

E. Summary

The relationship between BRDF and a materials total hemispherical reflectance,
R, is given by [1]

BRDF =

1
R
π

(5-1)

A 99% Lambertian scattering surface, for a given polarization, would be BRDF = 0.99/
= 0.315 sr-1. Combining the 3o PP and SP polarization combinations from the in-plane
bistatic scan measurements gives 0.205 + 0.190 = 0.395 sr-1. Combining SS and PS
combinations at 3o gives 0.208 + 0.194 = 0.402 sr-1. Both are higher than expected. This
is still acceptable since the calibration for this system does not assume SPECTRALON
has 99% Lambertian scattering characteristics. For future measurements of sample
materials, a multiplication factor should be established at the beginning of each
measurement process to provide absolute data.
A minimum value for the angular width of the retroreflective peak was calculated
using smax = 1,000 m (1mm) for the maximum total scattering length and L = 99 m for
a mean-free-path length, giving

θmin =

1
√2 L smax

= 0.00239 rad = 0.137o
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(5-2)

A maximum value for the peak angular width was calculated by noting that the
minimum scattering path length is equal to the distance between two scattering centers.
This is also the mean-free-path distance (99 m), giving

θmax =

λ
√2 s Lmin

=

𝜆
√2

𝑠2

= 0.00760 rad = 0.435o

(5-3)

Comparisons of the calculated (estimated) retroreflective peak FWHM values with the
measured values given in Table 5-2 are summarized below.

Table 5-2: Comparison of retroreflective peak calculated and measured angular widths

Measurement

Polarization
State

Inc
Angle
(o)

Calculated
Retroreflective
Peak FWHM
(± 0.047o )

Measured
Retroreflective
Peak FWHM
(± 0.047o )

In-Plane

PP

0

0.137

0.359

In-Plane

SS

0

0.137

0.312

In-Plane

PP

70

0.435

1.12

In-Plane

SS

70

0.435

1.23

Out-of-Plane

PP

0

0.137

0.290

Out-of-Plane

SS

0

0.137

0.321

Out-of-Plane

PP

70

0.435

0.406

Out-of-Plane

SS

70

0.435

0.407
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SPECTRALON showed excellent diffuse scattering characteristics with no
detectable specular component. When the illumination source is coherent, such as with a
laser, an enhanced peak around the retroreflective region was observed due to
interference effects that must be taken into account, especially when making comparisons
with incoherent illumination sources. Care must be taken to avoid using BRDF values
inside this peak for calibration purposes.
This calibration configuration provides an excellent means of providing absolute
data since there is no dependence on the illumination spot size and no need for a beam
splitter reflectance factor that would be a potential source of BRDF error.
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CHAPTER 6

CONCLUSION

This research has demonstrated that SPECTRALON can be used as a reliable
reference material and that a calibration method can be used that does not assume
SPECTRALON’s Lambertian characteristics. Interference effects, such as retroreflective
peaks due to coherent backscatter were observed and must be taken into account.
Additional measurements of other diffuse materials can now be accomplished.
These could include material swatches, such as polyurethane coated nylon (PCN) and
painted surfaces of varying colors and textures. Many of these materials produce the
enhanced retroreflection peak predicted by coherent backscatter theory.
Future improvements include upgrading the system to obtain a complete Mueller
matrix. This would provide a more complete picture of the polarimetry involved and
possibly explain more completely the peak broadening seen in the In-plane Bistatic scan
measurements.
Additionally, converting the system from direct-detection to heterodyne detection
would enable the system to measure the scatter from materials with a much lower
reflectance.
There are many possibilities for improved data collection now that the calibration
stage has been accomplished.
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